Oil spillage poses a serious threat to the marine ecosystem and the environment. This has led to an increasing demand for oil recovery and the quest for effective hydrophobic/oleophilic sorbents for oil-water separation. Herein, we developed polypyrrole (PPy) encapsulated melamine formaldehyde (MF) sponge treated with stearic acid (SA) to obtain a superhydrophobic SA/PPy/ MF sponge. The SA/PPy/MF sponge characterized by X-ray diffraction, Fourier transform infrared spectroscopy, and field emission scanning electron microscopy shows that smooth struts of MF sponge get covered with PPy and further SA treatment affords an increased surface roughness and superhydrophobicity which is completely absent in the case of pristine MF sponge treated with either PPy or SA itself. The SA/PPy/MF sponge exhibits contact angles of~170°and 0°by a sessile water and oil droplet on the sponge surface, respectively. Importantly, the SA/PPy/MF sponge demonstrated excellent superhydrophobicity over the entire pH range with absorption capacities reaching up to~70-90 times for various oils from oil-water mixtures.
Introduction
Over the past few decades, crude oil extraction, transportation, and storage are the main cause of oil spill accidents [1, 2] . Oil spill is a severe hazard to the aquatic life and the environment [3, 4] . Pollution by oil spills not only affects the sea life, but the economy, tourism, and leisure water activities are also greatly affected [5] [6] [7] [8] [9] . In addition, foods, textiles, and petrochemical industries produce large volumes of wastewater which contain enormous amount of toxic oil and organic solvents [10] [11] [12] [13] [14] . Therefore, the separation of oil from water has become an emerging and fast-growing issue in recent times. Conventional methods to counter the massive oil spill accidents include degradation with chemical dispersants, in situ burning, and vacuum suction [15] [16] [17] . However, the above methods are expensive, relatively inefficient, and bring forth secondary pollution. Sometimes, it is paramount to recover oil from water to reclaim the precious oil resources [17] . The above factors led to the development of porous sorbents which can achieve the oil-water separation in an efficient manner.
In recent years, the usage of porous sorbents is considered the most effective methods for separation of oils and organic solvents from water [18] . Excellent selectivity, high absorption capacity, recyclability, low cost, and environmental friendliness are some of the attributes of an ideal sorbent [19] . Natural sorbents like expanded perlite [20] , zeolites [21] , wool fiber [10] , activated carbon [22] , and sawdust [23] have been used owing to their microporous nature and sorption ability of oil from water; however, these materials possess low efficiency which is a significant disadvantage for oil-water separation. In recent years, unique functional sorbents have been developed with distinctly opposite affinities towards oil and water [24] . There are two specific kinds, i.e., hydrophilic/oleophobic and hydrophobic/oleophilic sorbents [17] . These types of materials are considered as promising candidates for oil-water separation purposes [24] . The wetting characteristics of different sorbents are determined by the surface chemistry and roughness [25] . In addition, the sorbents based on the method of separation can be divided into two categories, i.e., filtration (e.g., textiles, meshes, membranes) and absorption materials (e.g., cotton, sponges, aerogels) [24] . Recently, filtration materials, viz. hydrophobic membranes, oil-unidirectional membrane, water diode membranes, dual functional membrane, etc., were developed for oil-water separation, which allowed oil or water to permeate and pass through it while preventing the other from passing through resulting in selective separation of oil and water [26] [27] [28] [29] [30] . In the case of absorption materials, the selective absorption of oil or water into their internal pores allow one phase to enter and separating the other by repulsion [18] . Numerous materials like zeolites [31] , carbon nanotube sponge [32] , carbon fiber aerogel [33] , polyurethane (PU) sponge [34] , and melamine formaldehyde (MF) sponge [17] have been explored for oil-water separation based on absorption phenomena. MF and PU sponges are porous and have excellent sorption capacity that can be used for fabrication of hydrophobic and oleophilic sponges [18] . Pristine PU and MF sponges usually absorb both water and oil, and limit its application for selective oil separation from water that necessitates the changes in the surface chemistry for turning it into superhydrophobic and superoleophilic in nature [24] .
Recently, superhydrophobic MF and PU sponges are developed by polypyrrole (PPy) surface modification followed by dodecafluoroheptyl-propyl-trimethoxysilane and palmitic acid treatment, respectively [35, 36] . Pyrrole (Py) can be a material of choice for surface encapsulation of MF sponge and increase the surface roughness [35, 36] . Zhou et al. [37] polymerized Py on the surface of MF sponge and modified the surface with perfluorooctyltriethoxysilane (PTES). Surface modification via silanes and fatty acids proved to be excellent owing to its low surface energy [38] . However, uses of expensive and toxic fluorosilanes compared to fatty acids have their own drawbacks on human health and environment owing to the release of fluorinated compounds during synthesis. Stearic acid (SA) has proved to be an effective material for hydrophobic surface modification [39, 40] . Recently, superhydrophobic coatings on calcium carbonate substrate, hydrophobic cotton fiber, and silica functionalized cotton textiles were prepared by SA modification for self-cleaning property, oil-water separation, and large-scale production of superhydrophobic surface, respectively [41] [42] [43] . From the above literature, it appears that PPy and SA can be low-cost environmental friendly materials for surface modification on MF sponge to develop hydrophobicity. Moreover, MF sponge is an ideal sorbent due to its commercial availability, low cost, lightweight, and robustness, all of which are highly desirable in a high-performance adsorbent. The present work highlights the synthesis of superhydrophobic/ superoleophilic MF sponge encapsulated with PPy and modified with SA for oil recovery. 
Experimental

Synthesis of superhydrophobic SA/PPy/MF sponge
The pristine MF sponge was cut into pieces (2 × 2 × 2 cm 3 ). The sponge cubes were cleaned with acetone and deionized water (DI water) for 4-5 times and air-dried at 60°C. Further, the pre-treated sponge was immersed in a homogeneous mixture of ferric chloride (0.3 M) and Py solution in propanol (1.78 M) for 30 min under magnetic stirring. After Py modification, the samples were transferred into an air-tight container and kept for 24 h under ambient conditions for polymerization and encapsulation of PPy on the surface of the MF sponge. The PPy-encapsulated MF sponge was treated with 0.1 M SA solution for 30 min. Further, the modified sponge was rinsed with propanol and dried at 60°C for 90 min to obtain a dark-brown superhydrophobic/superoleophilic SA/ PPy/MF sponge. The flowchart for the synthesis of SA/PPy/ MF sponge is depicted in Scheme S1.
Absorption capacity
The absorption capacity (AC) of SA/PPy/MF sponge was determined by using different oils and organic solvents mixture with water. The AC test was performed by immersing equal mass (~80 mg) of modified sponge into a 50 ml of oil-water mixture (volumetric ratio = 1:4). The absorption test was carried out for 15 cycles with two samples in order to get an accurate data and the mean values reported here. AC was also measured with various salt-water mixtures (NaCl, MgCl 2 , and Na 2 SO 4 ) and varying pH from acidic to basic region. The AC and the collection capacity (CC) were calculated using the formula given below. was determined by calculating the volume of oil passed through in unit time from the oil-water mixture using the following equation [44] .
where F is the volumetric flux of oil, V is the volume of oil that passes through the modified sponge, A is the effective area of cotton (m 2 ), P is the suction pressure (1 atm), and t is the separation time (s). V i and V f are the volume of oil before and after the oil-water separation test, respectively. Furthermore, the separation efficiency (η) was calculated according to the given formula:
Material characterizations
The pristine MF sponge, PPy/MF sponge, and SA/PPy/MF sponge were characterized by X-ray diffraction (XRD), thermogravimetric (TG) analysis, Fourier transform infrared spectroscopy (FTIR), field emission scanning electron microscopy (FESEM), and energy-dispersive X-ray spectroscopy (EDX). XRD was performed using a Philips Rigaku Ultima-IV system with Cu-K α radiation (λ Cu = 1.5418 Å) within the 2θ range of 5°-65°. TG curves were acquired using a Netzsch TG209 F3 Tarsus thermal analyzer from room temperature to 800°C at a heating rate of 10°C min −1 under Ar atmosphere. FESEM was performed using Nova Nanosem FEI450 operating at 10 kV. FTIR analysis was carried out by PerkinElmer Spectrum version 10.4.00 in wave number range of 400-3600 cm −1 at room temperature using KBr discs. A drop shape analyzer (Model DSA 4, Kruss, Germany) was used for contact angle measurement of SA/PPy/MF sponge.
Results and discussion
Formation mechanism of SA/PPy/MF sponge
The pristine MF sponge has a relatively smooth surface with high surface energy and low surface roughness as shown in Scheme 1a [25] . The pristine MF sponge upon treatment with FeCl 3 and Py solution immediately forms a PPy layer due to oxidation of Py monomer by Fe 3+ radicals [36] . During the polymerization of Py, the Fe 3+ ions are reduced to Fe 2+ ions followed by a PPy formation. PPy modification render the smooth struts of MF sponge covered with a thin coating of PPy as shown in Scheme 1b. Finally, the PPy/MF sponge is treated with SA solution by simple immersion method that affords an increased surface roughness and superhydrophobicity of SA/PPy/MF sponge (see Scheme 1c).
Structural and phase analysis
XRD pattern of pristine MF sponge, PPy/MF sponge, SA, and SA/PPy/MF sponge are illustrated in Fig. 1a . A broad peak observed at~20°-27°in the XRD pattern of pristine MF sponge is the characteristic peak of graphite carbon structure [45, 46] . The XRD pattern of SA/PPy/MF sponge showed four broad peaks related to the scattering from PPy chains with the interplanar spacing of ∼ 11.6°,~22.7°,~24.8°, and4
4.5°, respectively [47, 48] . The peak observed at 2θ ∼ 20.33°and~21.38°is due to the presence of SA [49] . Importantly, the presence of a broad diffraction peak at2 0°-27°in the XRD pattern of PPy/MF and SA/PPy/MF sponge suggests that surface modification by PPy and SA did not affect the parent structure of pristine MF sponge.
FTIR analysis
The FTIR spectra of pristine MF, PPy/MF, and SA/PPy/MF sponge are illustrated in Fig. 1b . The pristine MF sponge shows peaks at~787,~811, and~1562 cm , attributed to the -C-N bond stretching of triazine ring of melamine [45] . These peaks are also present for PPy/MF sponge and SA/PPy/ MF sponge. In addition, FTIR analysis of PPy/MF sponge and SA/PPy/MF sponge indicates a peak at~3370 cm −1 [47] which shows the presence of Py with the characteristic N-H vibration [50] . As expected, the peak at~3370 cm 
TG analysis
Thermal stability and mass loss behavior of pristine MF and SA/PPy/MF sponge were examined by TG analysis under argon atmosphere up to 650°C at a heating rate of 10°C min −1 as shown in Fig. 1c . Pristine MF and SA/PPy/MF sponge displayed mass loss within four temperature ranges of~0-100°C,~100-270°C,~270-400°C, and~400-650°C due to the evaporation of water molecules, elimination of formaldehyde from the ether bridge to form methylene bridge (HN-CH 2 -NH), the breakdown of methylene bridges, and thermal decomposition of the triazine ring from the MF sponge, respectively [17] . Moreover, pristine MF and SA/PPy/MF sponge showed similar TG profile, which suggests the negligible mass loss of SA and PPy in Ar atmosphere.
Microstructural analysis
Figure 2a-c shows the FESEM images of pristine MF sponge, PPy/MF sponge, and SA/PPy/MF sponge, respectively. The FESEM image of PPy/MF sponge in Fig. 2b shows the encapsulation of PPy on the MF sponge surface. PPy/MF sponge further modified with SA is shown in Fig. 2c . The microstructural image of SA/PPy/MF sponge illustrated in Fig. 2c shows a coating of SA over PPy/MF sponge with increase surface roughness, which might be contributed to the hydrophobicity of the modified sponge. The presence of SA, FeCl 3 /FeCl 2 , and PPy coating onto the surface of porous MF sponge was also confirmed by elemental X-ray mapping and EDS quantitative analysis as revealed in Fig. 2d -f which outlines the presence of~56.06%,~19.86%,~13.01%,~5.05%,~4.96%, and1 .06% weight percentage of carbon, nitrogen, oxygen, iron, chlorine, and sodium, respectively. The higher weight percent of carbon in EDS analysis mainly stems from the presence of SA and PPy. Furthermore, X-ray mapping and EDS analysis of pristine MF sponge and PPy/MF sponge were performed and shown in Fig. S1 and Fig. S2 , respectively. EDS analysis of pristine MF sponge and PPy/MF sponge demonstrates relatively lower weight percent of carbon compared to SA/PPy/ MF sponge mainly due to absence of SA coating.
Hydrophobicity and oleophilicity of SA/PPy/MF sponge
The pristine MF sponge and the SA/PPy/MF sponge were cut into cuboidal shape for organic solvent and oil-water separation test as shown in Fig. 3a . The immersion in water was performed to determine the hydrophobicity of the pristine MF sponge and SA/PPy/MF sponge, respectively. It was found that the pristine MF sponge remains submerged completely in water, whereas SA/PPy/MF sponge remains floated at the water surface as shown in Fig. 3b . The SA/ PPy/MF sponge upon immersion in an oil-water mixture immediately absorbs oil but repels water, which corroborates the oleophilicity. The non-wetting behavior of SA/PPy/MF sponge may arise due to the formation of the Cassie-Baxter state resulting in air gaps between the miniscule rough surface and water with low surface energy [55] .
Scheme 1 a-c The proposed reaction mechanism for the synthesis of superhydrophobic SA/PPy/MF sponge Further, oleophilicity and hydrophobicity of the SA/PPy/ MF sponge were determined by placing oil and water droplet on the surface of modified and pristine MF sponge as shown in Fig. 3c . Pristine MF sponge absorbs oil and water droplet immediately due to a smooth surface and inherent oleophilicity/hydrophilicity [25] . However, a sessile droplet of oil or organic solvent gets completely absorbed, and water droplet remains stable on the surface of SA/PPy/MF sponge which is a clear manifestation of hydrophobicity and oleophilicity [25] . On the contrary, the SA/MF and PPy/MF sponge did not demonstrate hydrophobicity and both oil and water droplets get absorbed simultaneously (see Fig. S3 ). The above findings prove that PPy encapsulation followed by SA treatment on MF sponge is mandatory to develop superhydrophobicity (see Movie S1).
Contact angle
The contact angle (CA) of a sessile water droplet on the surface of the modified SA/PPy/MF sponge was measured1 70.2°using a drop shape analyzer at room temperature as shown in Fig. 3d . This confirms the superhydrophobic nature of SA/PPy/MF sponge due to the formation of the CassieBaxter state [25] .
Oil selectivity
The oil-water selective absorption of the SA/PPy/MF sponge was cross-examined by AgNO 3 test [56] . It is known that if a small amount of AgNO 3 (Ag + ions) comes in contact with NaCl (Cl − ions) solution, a milky-white precipitate of AgCl will precipitate [56] . Therefore, a hydraulic oil-AgNO 3 water mixture was prepared and tested with SA/PPy/MF and pristine MF sponge, respectively. The oil and/or oil-water mixture absorbed by the SA/PPy/MF and pristine MF sponge was squeezed into a NaCl solution to differentiate the oil-water selective absorption behavior. Indeed, it was observed that NaCl solution remains clear (see Fig. S4a ) when oil squeezed out of SA/PPy/MF sponge into the NaCl solution, which corroborate that the SA/PPy/MF sponge did not absorb any AgNO 3 solution (see Movie S2). However, a similar test with MF sponge showed NaCl solution turned white suggests both oil and water get absorbed (see Fig. S4b ). Further, selective separation of oil and water by SA/PPy/MF sponge was verified by suction test using a pump operating at a vacuum pressure of 5.62 Torr or 750 Pa. It was observed that oil passed through the SA/PPy/MF sponge into the conical flask under an operating vacuum ressure. However, water did not pass through the SA/PPy/MF sponge into the flask despite pumped-in under vacuum pressure, (see Fig. S5a -c and Movie S3). The open pores in the MF sponge allow the oil to permeate through the structure by capillary force and exhibit oil-water separation behavior [57] . During oil-water separation process, water may penetrate through the SA/PPy/MF sponge above a breakdown pressure known as intrusion pressure (IP), and the synthesized SA/ PPy/MF sponge may lose its superhydrophobic property. Thus, the intrusion pressure is a key parameter for the oilwater separation efficiency evaluation. The water intrusion pressure was determined by the maximum height of water column that the SA/PPy/MF sponge can withstand, and calculated using the following equation: where IP is the maximum water intrusion pressure, ρ is the density of water, g is gravitational constant (9.8 ms ), and hmax is the maximum height of water that SA/PPy/MF sponge can support. As shown in Fig. S5d , the maximum height of the water column can withstand 14 cm. Therefore, the calculated intrusion pressure was~1.38 kPa, which suggests that in a pressurized condition, water will be able to flow through the SA/PPy/MF sponge up to~1.38 kPa, and above it, the modified sponge will lose its superhydrophobicity.
Oil-water separation
The AC of oil was determined at room temperature from various oil-water mixtures (hydraulic oil, pump oil, vegetable oil, diesel, engine oil, and toluene as an organic solvent) using SA/PPy/MF sponge as depicted in Fig. 4a . The AC of SA/PPy/MF sponge was found at~94.13 g g , and~60.30 g g −1 for vegetable oil, engine oil, pump oil, hydraulic oil, toluene, and diesel, respectively. The AC of SA/PPy/MF sponge was excellent compared to other sponge-based sorbents reported in the literature (see Table 1 ). Thus, it can be inferred that as-synthesized SA/ PPy/MF sponge may serve as an excellent sorbent for oil spill clean-up. Figure 4b depicts the digital photographs of facile separation of oil from the oil-water mixture by absorption and mechanical squeezing procedure adopted for AC study by SA/PPy/MF sponge (see Movie S4). 
Reusability
The reusability of any sorbent plays a significant role for oil recovery [17] . Thus, AC and CC were determined for 15 cycles by absorption and mechanical squeezing procedure (see Fig.  4c ). It was found that SA/PPy/MF sponge exhibits excellent AC of~60-104 times its weight after first cycle for the entire group of oils tested. However, AC starts to drop slightly after the first cycle and remains almost the same up to 15 cycles [17, 65] .
The SA/PPy/MF sponge can absorb~34. , and 68.73 g g −1 of diesel, hydraulic oil, toluene, pump oil, engine oil, and vegetable oil, respectively, at 15 cycles as shown in Fig.  4c . Table 2 tabulates the AC and CC retentions from the 1st to 15th cycles. The gradual drop in AC value is evident with~78-95% and~53-78% retention was observed for the 5th and 15th cycles, respectively. Importantly, it was found that CC value varied slightly between the cycles and the maximum deviation Toluene~71.71 g g FMSF formaldehyde-melamine-sodium bisulfite copolymer foam, ODA octadecylamine, PFD 1H,1H,2H,2H-perfluorodecanethiol, PDA polydopamine, PTES perfluorooctyltriethoxysilane Table 2 Absorption capacity and collection capacity of SA/PPy/MF sponge for various oils and organic solvents after 5th and 15th cycle sorptionmechanical squeezing test between the 5th and 15th cycles was~0.04-3.42 g g −1
. The FESEM images of SA/PPy/MF sponge after 15 cycles of oilwater separation test demonstrated in Fig. S6a-b summarized the exact reasons for decay in AC after reusability study. Microstructural images show that oil drops remain absorbed on the three-dimensional porous structure of SA/PPy/MF sponge during the sorption test. The adsorbed oil remains as residue and may be the actual cause for the slight decrease in AC after the first cycle. Importantly, the contact angle (~167.1°) of a sessile water droplet on SA/PPy/MF sponge demonstrated superhydrophobicity after 15 cycles of oil-water separation test (see Fig. S6c ).
Oil recovery
The oil retention capacity of the SA/PPy/MF sponge demonstrated~53.59%,~65.78%,~66.97%,~66.72%,~77.61%, and~73.27% average oil retention up to 15 cycles for diesel, tolune, hydraulic oil, pump oil, engine oil, and vegetable oil, respectively, as shown in Fig. 5a and Table 2 . Further, AC of the SA/PPy/MF sponge was calculated at 0-, 20-, 40-, and 60-min holding time after reaching the saturation value at room temperature (see Fig. 5b ). It was observed that very low amount of oil get released owing to the gravitational force when kept in a petri dish as listed in Table 3 . A similar trend was observed for entire oils with maximum desorption happening at 40-min holding time and additional holding time has minimal effect on oil loss. It was found that pump oil, engine oil, diesel, vegetable oil, and kerosene could retain~92.68%, 92.27%,~91.74%,~90.78%,~88.34%, and~91.62% oil, respectively, after 60 min. This behavior can be explained by the surface tension force that develops between the oil and the petri dish which facilitates oil to come out from the internal pores to the surface. The gravity-driven oil-water separation test was also performed by SA/PPy/MF sponge [44] . First, the SA/PPy/MF sponge was pressed in a circular shape with a diameter of 50 mm and then fixed between two glass tubes of the filtration unit as shown in Fig. 5c . Hydraulic oil-water mixture-filled glass tube-filtration unit was fixed at a certain tilted angle so that oil-water mixture remained in contact with the SA/PPy/MF sponge and passed quickly through the available pores in the modified sponge under atmospheric pressure. Figure 5d shows the variation in volumetric flux and separation efficiency of oil with time [66] . It can be observed that at 380 s, approximately 93% hydraulic oil can be separated from the oil-water mixture using SA/PPy/MF sponge. 
Absorption capacity in harsh environment
The variation of AC with pH (~2-12) using the pump oilwater mixture as the model solution is illustrated in Fig. 6a . Pump oil-water mixture with different pH was prepared by addition of citric acid for acidic and ammonia solution for the basic condition. It was observed that AC remains constant and independent of pH values. The AC of SA/PPy/MF sponge was calculated for salt or alkali-water mixtures. As expected, the SA/PPy/MF sponge displayed excellent absorption capacities with deviation of~7.70%,~9.08%,~8.52%,~7.72%, 7.78%, and~6.77% between the first and third cycles for NaCl, MgCl 2 , NaOH, Na 2 SO 4 , hot water, and cold water solution used in pump oil-water mixture (see Fig. 6b ).
Absorption kinetics
The AC of the SA/PPy/MF sponge not only depends on surface property but also on the viscosity and density of oils and organic solvents. The pseudo-second-order kinetic equation was used to investigate the kinetic behavior of SA/PPy/MF sponge for oil-water separation [12, 17, 65 ].
where t denotes the sorption time, Q s denotes the saturation AC, Q t denotes the amount of oil absorbed at time t, and K is a viscosity-dependent sorption constant. It was observed that AC of SA/PPy/MF sponge reached to saturated AC within 2 to 8 s for low viscous oils and organic solvent (kerosene, toluene, and diesel); however, it took around 16 s for high viscous oils (pump oil and engine oil) as shown in Fig. 6c . The low viscous oils have relatively faster diffusion kinetics that enables them to rapidly enter the interconnected porous structure of the SA/PPy/MF sponge [17] . On the contrary, high viscous oils tend to remain on the surface before permeating into the pores of the modified sponge. The K value for toluene, kerosene, diesel, pump oil, hydraulic oil, and vegetable oil was calculated using the above equation and tabulated in Table 4 . The relatively higher value of K was observed for less viscous oils due to the fast absorption kinetics mechanism.
Conclusions
A superhydrophobic/superoleophilic SA/PPy/MF sponge was fabricated using a simple solution immersion method. The phase and microstructural analyses confirm the formation of polypyrrole encapsulation and stearic acid coating over the pristine MF sponge struts, which render superhydrophobicity. The SA/PPy/MF sponge exhibited water-in-air and oil-in-air CA of~170°and 0°at the sponge interface, respectively. The oil-water selectivity tests revealed the usability of the SA/PPy/ MF sponge over the entire pH range and various salt-water conditions without compromising the performance. The SA/ PPy/MF sponge exhibited excellent absorption capacity of6 0-104 g g −1 for various oils and found reusable for 15 continuous cycles with minimal loss in its oil separation ability. The excellent oil-water separation capability of the SA/PPy/ MF sponge affords it a promising sorbent for large-scale oilwater separation. strategy toward superhydrophobic surfaces for self-driven crude oil spill cleanup. 
